Hydra's remarkable capacity to regenerate, to proliferate asexually by budding, and to form a pattern de novo from aggregates allows studying complex cellular and molecular processes typical for embryonic development. The underlying assumption is that patterning in adult hydra tissue relies on factors and genes which are active also during early embryogenesis. Previously, we reported that in Hydra the timing of expression of conserved regulatory genes, known to be involved in adult patterning, differs greatly in adults and embryos (Frö bius, A.C., Genikhovich, G., Kü rn, U., Anton-Erxleben, F. and Bosch, T.C.G., 2003. Expression of developmental genes during early embryogenesis of Hydra. Dev. Genes Evol. 213, 445 -455). Here, we describe an unbiased screening strategy to identify genes that are relevant to Hydra vulgaris embryogenesis. The approach yielded two sets of differentially expressed genes: one set was expressed exclusively or nearly exclusively in the embryos, while the second set was upregulated in embryos in comparison to adult polyps. Many of the genes identified in hydra embryos had no matches in the database. Among the conserved genes upregulated in embryos is the Hydra orthologue of Embryonic Ectoderm Development (HyEED). The expression pattern of HyEED in developing embryos suggests that interstitial stem cells in Hydra originate in the endoderm. Importantly, the observations uncover previously unknown differences in genes expressed by embryos and polyps and indicate that not only the timing of expression of developmental genes but also the genetic context is different in Hydra embryos compared to adults. D
Introduction
Embryogenesis is based on cell proliferation, morphogenetic movements, positional cell fate specification, and cell differentiation. In the freshwater polyp Hydra, these embryonic processes occur permanently in adults as cells continuously divide in the gastric region, get displaced towards the extremities and into buds, and differentiate in a position dependent manner (for recent reviews see Steele, 2002; Bode, 2003; Holstein et al., 2003; Bosch, 2003) . Interstitial stem cells differentiate continuously into nematocytes, nerve cells, and gland cells while epithelial stem cells maintain the ectodermal and endodermal epithelia. Thus, patterning processes, which in most animals are happening only during embryogenesis, in hydra can be studied in budding or regenerating adults (Gierer, 1974) . These features, together with the fact that Hydra is a member of Cnidaria, one of the oldest metazoan phyla, make it a prime model to study evolutionary development.
Although budding is the primary mode of propagation, Hydra goes through seasonal sexual phases with eggs and sperm produced from interstitial stem cells (Aizenshtadt, 1974; Littlefield, 1985; Munck and David, 1985; Bosch and David, 1987; Nishimiya-Fujisawa and Sugiyama, 1993; Littlefield, 1994) . During oogenesis, interstitial cells proliferate and form clusters connected by cytoplasmic bridges. While every cell of the cluster undergoes premeiotic DNA synthesis, only one of them gets determined to become an egg cell. The CnOtx gene might be involved in this determination event (Miller et al., 2000) . Other cells of the cluster are phagocytosed and become incorporated into the cytoplasm of the developing oocyte (Aizenshtadt, 1974; Aizenshtadt and Marshak, 1975; Aizenshtadt, 1978; Tardent, 1985; Honegger et al., 1989; Martin et al., 1997; Technau et al., 2003; Alexandrova et al., 2005) . takes place after the oocyte has completed its second maturation division (Tardent, 1985) . Embryos develop directly into adult polyps without a larval stage (Martin et al., 1997) . Radial cleavage leads to formation of a coeloblastula about 8 h post-fertilization. Gastrulation occurs in form of immigration, spreading in a wave from the animal to the vegetal pole. Gastrulae consist of an ectodermal layer and a mass of nonepithelial cells filling the blastocoel, with most of the endocytes packed into these inner cells (Martin et al., 1997) . The ectoderm of the gastrula then extends filopodia and secretes a cuticle (about 24 h post-fertilization), which protects the embryo. Prior to hatching, there is conversion of the unorganized interior mass of cells into an endodermal layer, differentiation of interstitial cells, and formation of head and foot (Martin et al., 1997) .
At present, there is no clear understanding of how similar or different the processes of adult and embryonic patterning are in terms of the genetic mechanisms involved. However, in contrast to adult pattern formation in a preestablished system of positional coordinates, during embryogenesis, this system has to arise de novo. To identify molecular differences between adult and embryonic patterning in Hydra vulgaris, we took an approach to (1) compare temporal and spatial expression pattern of known regulatory genes during embryogenesis and adult patterning; and (2) to identify genes, which are predominantly or exclusively expressed during embryogenesis. Previously, we demonstrated that the timing of expression of conserved regulatory genes known to be involved in adult patterning differs greatly between adults and embryos (Frö bius et al., 2003) . Here, we report the results of the second approach, which was based on using suppression subtractive hybridization to generate a library enriched for embryo-specific cDNAs. This strategy yielded two sets of differentially expressed genes: one set of genes was expressed exclusively or nearly exclusively during oogenesis and embryogenesis, while the second set was upregulated in embryos in comparison to adult polyps. The approach lead to identification of a large number of protein encoding sequences, which had no matches in any databank and, therefore, might represent novel genes. Among the genes upregulated in embryos is the Hydra orthologue of Embryonic Ectoderm Development (EED). The expression pattern of HyEED in developing embryos suggests that interstitial stem cells in Hydra originate in the endoderm. Taken together, our findings demonstrate the efficiency of the unbiased screening strategy to identify genes involved in hydra embryogenesis, and provide evidence of difference in the genetic context of embryos and adult Hydra polyps.
Materials and methods

Animals and culture conditions
Experiments were carried out with animals of the AEP strain belonging to the H. vulgaris group. This strain is derived from male and female strains described previously (Martin et al., 1997) . The animals where cultured according to standard procedures at 18-C. To induce gametogenesis, the polyps were fed daily for 3 weeks, then starved for 5 days, and then fed twice a week.
Suppression subtractive hybridization (SSH) and cDNA library construction
Suppression subtractive hybridization (SSH) allows the qualitative comparison of transcriptomes between different tissues or between different developmental stages (Diatchenko et al., 1996) . Tester ds cDNA was synthesized from mRNA pooled from different embryonic stages from zygote to gastrula. Driver ds cDNA was synthesized from asexual budding polyps mRNA. SSH was performed using the PCR Select cDNA Subtraction Kit (Clontech) according to the manufacturers' protocol. Resulting subtracted cDNAs were cloned into pGEM-T vector (Promega). Following blue/white selection, individual white DH5a E. coli clones were picked by the QPix robot (Genetix) and grown in 384-well microtiter plates in freezing medium (10 g/l tryptone, 5 g/l yeast extract, 20 g/l NaCl, 36 mM K 2 HPO 4 , 13.2 mM KH 2 PO 4 , 1.7 mM sodium citrate, 0.4 mM MgSO 4 , 6.8 mM (NH 4 ) 2 SO 4 , 4.4% glycerol v/v, 50 mg/l ampicillin).
Molecular techniques
Nucleic acid isolation, cDNA cloning, and DNA sequence analysis were carried out following standard procedures. For RT PCR, total RNA was isolated from various developmental stages using TRIzol reagent (Invitrogen). Subsequently, poly(A+) RNA was isolated from total RNA using the Nucleo Trap mRNA Mini Kit (Macherey-Nagel). RT PCR was performed on ss cDNA from embryos (fertilized egg to gastrula stage) and asexual budding polyps. cDNA samples were equilibrated with primers against b-actin (18 cycles) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (26 cycles). Nematocyte lineage-specific gene HyDkk3 was used as a control adult gene. Water control and equilibration controls were included into every reaction. Primer sequences are available upon request. To obtain 5V cDNA sequences, blunt end splinkerette adaptors (Devon et al., 1995; Thomsen et al., 2004) were ligated to the ds cDNA and 5V RACE PCR with nested primers was performed.
Sequence analysis
TIGR Indices Clustering Tools (Pertea et al., 2003) were used for clustering the sequences. Clusters were named according to the animal name, cDNA library name, and cluster number. The clusters were numbered according to the amount of ESTs comprising them, with Cluster 001 being the largest. For example, HVULK3CL007 stands for H. vulgaris Kiel 3 Cluster 007. Nucleotide, protein, and translated BLAST engines at the NCBI server (Altschul et al., 1990) were used for homology searches in public databases. Seqtools program (S.W. Rasmussen, www.seqtools.dk) was used for sequence analysis. Version 2.1 of the MEGA program (Kumar et al., 2004) was used for the EED phylogenetic tree construction. SMART (Letunic et al., 2004) and SignalP (Bendtsen et al., 2004) programs were used for domain search.
Whole mount and section in situ hybridization
Whole mount in situ hybridization on polyps was performed as described by Grens et al. (1996) . For precise localization of HyEED transcripts in testes, following the substrate reaction, polyps were embedded in LR-white, and 2 Am semithin sections were prepared using a LKB ultramicrotome. As hybridization probes, we used HyEED riboprobe corresponding to bases 422 -1263, and the HyEMB-1 riboprobe corresponding to bases 501 -794. The probe specific for the putative EZH2 homologue was directed against H. vulgaris (AEP) sequence corresponding to bases 94 -683 of the H. magnipapillata EST (DN137579). Whole mount in situ hybridization with Hydra embryos was performed as described previously (Fröbius et al., 2003) . For in situ hybridization on 16 Am thick frozen sections, the embryos were fixed in 4% paraformaldehyde/hydra medium overnight. Cuticle stage embryos were then perforated with a needle and kept in the fixative for additional 8 h. Following fixation, the embryos were transferred in 100% methanol and stored at À20-C. Following rehydration and washing in PBT, the embryos were embedded in tissue freezing medium (Jung). Sections were attached to 0.1% (v/w) poly-l-lysine-treated slides, dried, and processed according to the standard protocol for whole mount in situ hybridization (Grens et al., 1996) with the following changes: proteinase K treatment time was reduced to 5 min at room temperature, and prehybridization, hybridization, and subsequent washes were carried out in a humid chamber at hybridization temperature. After staining with NBT/BCIP, the samples were dehydrated. When the cells became transparent, the sections were rehydrated, counterstained with 0.1 Ag/ml DAPI solution, and embedded in 0.1% DABCO/Moviol.
Immunohistochemistry
Immunohistochemistry was performed following standard procedures and using Lavdovsky fixed animals (Engel et al., 2002) . For antibody staining on single cells, the polyps were macerated according to the protocol of David (1973) . Sections and macerated cells were attached to the slides coated with 0.1% (v/w) poly-l-lysine. Mouse monoclonal C41 antibody (gift from C. David, Munich) was used in 1/1 dilution; mouse monoclonal anti-H3di/tri-methyl K27 antibody (gift from D. Reinberg, New Jersey) was used at 1/50 dilution.
TUNEL assay
Sections of cuticle stage embryos were prepared as described for in situ hybridization. The sections were then washed several times in PBS/0.2% Tween 20, and treated further as described previously (Kuznetsov et al., 2001) . A 4/1 mixture of 1% BSA with heat inactivated sheep serum was used as blocking reagent. After color reaction, the sections were counterstained with DAPI and embedded in 0.1% DABCO/Moviol.
Results
Identification of genes upregulated in H. vulgaris embryos
To identify genes that are upregulated in H. vulgaris embryos, we performed suppression subtractive hybridization. Messenger RNA was isolated from embryos of different developmental stages, ranging from fertilized egg to late gastrula, and from asexual budding polyps. These two RNA pools were used for synthesis of double-stranded cDNA. To receive a PCR-amplified population of cDNAs enriched for genes upregulated in embryos in comparison to asexual budding polyps, embryonic double-stranded (ds) cDNA was taken as tester and ds cDNA from asexual budding polyps as driver. Subtracted cDNA was ligated into pGEM-T vector and the resulting library was transformed into E. coli. Individual clones were picked, sequenced, and analyzed. 2851 sequences were clustered using the TIGR Indices Clustering Tools. The sequences were assembled into 76 clusters consisting of more than 2 sequences, and 12 singletons ( Table 1 ). The average insert length was 379 base pairs. To identify putative homologues of known genes, we subjected these cluster and singleton sequences to translated NCBI BLAST searches against the protein database with the threshold E-value of e À6 . Sequences, which did not give a BLAST hit, were subjected to translated BLAST search against the translated nucleotide database with the same threshold Evalue to check for possible hits to untranslated regions of the known transcripts. In addition, nucleotide -nucleotide BLAST searches (threshold E-value e À50 ) were performed against all non-embryonic Hydra ESTs to obtain information about expression in adult, asexual polyps. One cluster, which gave a BLAST hit, was likely to be a result of bacterial RNA contamination and was excluded from further analysis. Cluster 074 (HVULK3CL074) had strong similarity to a bacterial transposase (IS10 transposase from Shigella flexneri; E-value of 2e À80 ), but as it might have been a transcribed sequence incorporated into Hydra genome, we did not discard it. Cluster 024 (HVULK3CL024) had some homology to the chloroplast gene from Oenothera odorata (E-value of 3e À13 ), but represented most probably a Hydra gene, as it was AT-rich (63.8%) and had hits in the Hydra EST database. All other clusters shown in Table 1 only had matches to metazoan genes.
The outcome of the BLAST searches allowed us to subdivide our sequences into the following four categories: (i) clusters and singletons with known homologues from other animals and with matches to ESTs from asexual Hydra; (ii) clusters and singletons with known homologues in other metazoan animals but without matches to ESTs from asexual Hydra; (iii) clusters and singletons with no identifiable homology but matching the ESTs from asexual Hydra; and (iv) clusters and singletons with no identifiable homologues and no matches in the EST data set from asexual Hydra.
As listed in Table 1 , a total of 58 (65%) sequences shared homology with proteins from other organisms. Based on the described function of the homologous proteins found by BLAST search, the clusters were assigned putative functions. Fig. 1 shows the distribution of clusters and singletons according to their putative function in Hydra embryos. The most abundant molecular function assigned was ''metabolism'', followed by ''ribosomal proteins''. cDNA clusters, which shared homology with a protein in the NR database, included homologues of Embryonic Ectoderm Development, Mesoderm development candidate 2, Equinatoxin II, and the adhesion molecule Bystin. As also shown in Fig. 1, 35% of the clusters and singletons of our subtracted cDNA clones did not generate a significant BLAST match. Next, we examined to what extent our embryonic EST data set overlapped with the asexual Hydra magnipapillata EST sequences available to date (www.hydrabase.org). 20% of subtracted clusters and singletons had no match to the ESTs from asexual polyps. 9 sequences did not have open reading frames, and, therefore, were considered as potential untranslated regions or noncoding RNAs. Cluster 002, which gave a match (2e À27 ) to the 3V UTR of the Hydra lamin gene, was annotated as a novel gene, because it is differentially expressed in embryos and adults (see Fig. 2 ) and has a complete open reading frame of 126 amino acids preceded by a splice leader sequence (Stover and Steele, 2001 ).
Expression patterns of subtracted clones in embryos and adults
To evaluate the efficiency of the suppression subtractive hybridization procedure and to verify the putative differential expression, we selected 15 out of 88 subtracted clusters and singletons and assessed their expression in H. vulgaris embryos and adult polyps by RT PCR (Fig. 2) . Seven of the selected clones shared homology to known proteins, while 8 had no identifiable homologues and, therefore, were considered putative novel genes. HyDkk3, a dickkopf 3-related gene, known to be expressed in nematocytes of adult polyps (Fedders et al., 2004) and absent in embryos, was used as control. Since none of the 15 subtracted clusters was stronger expressed in asexual polyps than in embryos (Fig. 2) , the number of false-positive clones in our library appears to be low. 12 clones displayed strong RT PCR signals in embryos and weaker ones in asexual budding polyps ( Fig. 2A) indicating that expression of some of the genes identified in our screen of Hydra embryos was maintained through later stages. This is consistent with either long-term or sequential roles for these genes in hydra development. Three clones were expressed almost exclusively in embryos but not in adults (Fig. 2B) . Since all three ''embryospecific'' clusters are expressed early during oogenesis prior to fertilization (Fig. 2C) , they represent maternal genes. Fig. 2 also shows that SSH provides qualitative but not quantitative data. Neither the strength of expression nor the extent of differentiality of expression is reflected by cluster size. For example, CL 001, consisting of 505 ESTs, is neither strongly expressed nor strongly differential, while CL 052, consisting of only 10 ESTs, is both strongly expressed and strongly differential. For a more detailed analysis, we selected one differentially expressed cluster (CL 006) with homology to a known protein and one differentially expressed cluster (CL 027) without identifiable homology to any gene in the database.
HyEED, an Embryonic Ectoderm Development orthologue, is expressed in early blastomeres, germ cells, and undifferentiated interstitial cells Among the subtracted clusters which had a strong match to the database and were upregulated in embryos was cluster 006 ( Fig. 2 ; Table 1 ) which had a length of 384 base pairs (bp). The sequence was completed by means of 5V and 3V RACE PCR, and a full-length cDNA of 1561 bp containing a 5V UTR, a start codon at position 56, an open reading frame consisting of 420 amino acids, and a 3V UTR ending with poly-A tail was obtained (GenBank AY347258). Since the predicted protein groups together with EED and ESC proteins from mammals, frog, and insects (Mus musculus NP _ 068676, Homo sapiens AAD08714 and AAC68675, Xenopus laevis CAD19130, Schistocerca americana AAC05332) ( Fig. 3A and Supplementary Fig. 1 ) and contains diagnostic WD40 repeats, we termed it Hydra Embryonic Ectoderm Development, HyEED. HyEED is a member of the Polycomb group gene (PcG) family. Southern blot hybridization experiments suggest the existence of two copies of HyEED in the H. vulgaris (AEP) genome (data not shown). To localize HyEED transcripts at the cellular level in early embryos, we performed in situ hybridization with whole mount embryos. Strong HyEED expression is observed in the 4-cell stage embryo (Fig. 3B ), 8-cell stage embryo (Fig. 3C) , blastula (Fig. 3D) , and gastrula stage (Fig. 3E) . In situ hybridization on frozen sections of Hydra embryos, including cleavage stages (Figs. 3G and H), blastula (Fig. 3I ), early gastrula (Fig. 3K ), late gastrula (Fig. 3L) , and spike stage (Fig.  3M ) confirms this expression pattern. A drastic change in the expression of the gene occurs at the early cuticle stage, as HyEED expression becomes restricted to a subpopulation of cells in the mass of presumptive endodermal cells as well as on the periphery of the Hydra embryo (Fig. 3O) . HyEEDexpressing cells occur as single cells or in pairs and morphologically resemble interstitial cells of adult polyps (Fig. 3P) . At the late cuticle stage, the HyEED-expressing cells could only be detected close to the periphery of the embryo (Figs. 3Q and R) . Although few genes that control interstitial cell differentiation in Hydra have been identified yet, all interstitial cells are positive for monoclonal antibody C41 . To determine if cells expressing HyEED in late embryos are also expressing the C41 epitope, we stained frozen sections of cuticle stage embryos and adult polyps with C41. As shown in Fig. 3S , in contrast to control sections of adult tissue (Fig. 3T) , no embryonic cells at the cuticle stage were C41-positive. Thus, if HyEED-expressing cells at the cuticle stage are interstitial cells, which have just originated from the inner mass of presumptive endodermal cells, then HyEED expression is the earliest marker known for 
Hydra interstitial cells. If this interpretation is correct, adult polyps should contain interstitial cells expressing HyEED.
Initial analysis by RT-PCR demonstrated that HyEED is upregulated in embryos but also detectable in adult polyps ( Fig. 2A) . To examine the expression domains of HyEED in polyps, we performed in situ hybridization. (Fig. 4E) and oogenesis (Fig. 4F) shows that HyEED is significantly upregulated during spermatogenesis in the bases of the testes. No upregulation of expression could be observed in developing egg patches (Fig. 4F) at the level of whole mount in situ hybridization on polyps. This, however, is likely to reflect the fact that physical properties of the developing H. vulgaris oocyte change significantly in the course of oogenesis, making the standard hybridization procedure, optimized for Hydra polyps (Grens et al., 1996) , ineffective. According to RT PCR data (data not shown), HyEED transcripts in unfertilized eggs and embryos are present at higher levels in comparison to budding polyps.
PcG proteins in higher organisms are epigenetic chromatin modifiers involved in silencing of Hox genes and maintenance of embryonic and adult stem cells (Ng et al., 2000; Wang et al., 2002; Plath et al., 2003; Valk-Lingbeek et al., 2004) . EED proteins belong to the polycomb repression complex 2 (PRC2), which specifically methylates histone H3. The methylation is performed by SET domain-containing protein EZH2 (Enhancer of zeste in Drosophila), while targeting of the complex to the specific methylation site is accomplished by EED . Interestingly, as shown in Figs. 5A and B , the putative H. vulgaris (AEP) homologue of EZH2 is coexpressed in male polyps with HyEED at the bases of the testes, suggesting that, similar to mammals and Drosophila, the PRC2 complex exists in Hydra. Semithin sections of male polyps hybridized in situ with the HyEED probe revealed that HyEED transcripts are localized in the proximal zone of the testis, which is known (Tardent, 1974; Kuznetsov et al., 2001) to contain spermatogonia and spermatocytes. No HyEED transcripts were found in the distal part of testis containing spermatids and mature sperm (Figs. 5C, D) . Since chromatin remodeling in male germ cells is required for completion of spermatogenesis (Grimes, 2004) , HyEED may play a role in this process. As histone H3 in Hydra is identical to H3 in mouse and human, we investigated whether the cellular localization of HyEED in male polyps is correlated with sites of histone methylation. Cryosections of male Hydra polyps were stained with a monoclonal antibody which specifically binds to di/tri-methylated Lys 27 in histone H3 (see Okamoto et al., 2004) . The data shown in Fig. 5F indicate histone methylation both in the basal region of the testes and in distinct cell nuclei in the body column. From the localization in the testis and the morphology of the stained nuclei (Figs. 5E and F), we conclude that antibody-positive nuclei at the base of the testis belong to spermatogonia and spermatocytes. To identify antibody-positive cells more directly, we performed antibody staining on macerates of adult male polyps (Fig. 6) . Within the interstitial lineage about 50% of the interstitial cells (single cells and pairs), all spermatogonia, spermatocytes and nematocyte precursors were stained, while gland cells were always antibody-negative. Approximately half of the epithelio-muscular cells were also antibody-positive, but the staining of their nuclei was significantly weaker than in the interstitial cell lineage. This weak H3K27 methylation in the epithelial cells, which are not expressing EED and EZH2 homologues, may be due to an alternative EZH2-independent methylation pathway, which was recently shown to exist in mice (Su et al., 2005) . Thus, since sperm precursors in the testis expressing HyEED show high levels of histone methylation and coexpress putative HyEZH2, HyEED -similar to EED proteins in Drosophila, C. elegans, and mouse (Rideout et al., 2001; Leatherman and Jongens, 2003) -may be involved in remodeling and silencing sperm chromatin and thereby play an important role in spermatogenesis.
Characterization of HyEMB-1, a novel gene involved in embryogenesis of Hydra About 35% of the clusters and singletons of our subtracted cDNA clones did not generate a significant BLAST match ( Fig. 1 and Table 1 ) and, therefore, may represent novel Hydra or Cnidaria-specific genes. To examine one of these putative novel genes in more detail, we selected cluster CL027, which is strongly upregulated during embryogenesis (Fig. 2B) and represents a maternal gene (Fig. 2C) . The cluster had a length of 309 bp. The sequence was completed by means of 5V and 3V RACE PCR, and a full-length cDNA of 1158 bp (GenBankAY875693) containing a 5V UTR, a start codon at position 69, an open reading frame consisting of 342 amino acids, a stop codon at position 1095, and a 3V UTR ending with poly-A tail was obtained (Fig. 7B ). SignalP and SMART searches revealed that the amino acid sequence contained a signal peptide (residues 1-16) with a cleavage site between amino acid 16 and 17. Although no overall homologous sequence could be found in the NR database, the predicted amino acid sequence contains three FG-GAP domains (residues 68-97, 229-258, 284-313) . Two more FG-GAP domains (residues 18 -97 and 129 -158) were predicted by SMART with lower than threshold probability (Fig. 7A) . FG-GAP domains are related to a-integrin domains, and are essential for ligand binding. Since cluster 027 represents a maternal gene strongly expressed in early embryos and not detectable in adult polyps (Figs. 2B and C), we termed it Hydra embryonic-1 (HyEMB-1). In situ hybridization with a Dig-RNA probe showed that, consistent with the results of RT PCR (Figs. 2B and C) and Northern blot hybridization (not shown), HyEMB-1 transcript is detectible neither in the asexual polyps nor in males (not shown). In contrast, we observed strong expression of HyEMB-1 in the cells accumulating in egg patches of female polyps (Fig. 7A) . After the oocyte starts to increase in size at stage 3 of oogenesis (Miller et al., 2000) , the hybridization signal becomes restricted to the outer margin of the egg patch. The growing oocyte appears in situ-negative on the whole mounts, but this most likely results from the change in permeability of the maturing oocyte, since in situ hybridization on frozen sections (Figs.  7C -O) shows that HyEMB-1 transcripts are localized in the egg (Fig. 7C ) and all blastomeres of early embryos up to the gastrula stage (Fig. 7D) . Strikingly, engulfed endocytes do not (Figs. 8A -C) , the chromatin in these in situ-positive cells is condensed in strongly DAPI-positive droplets typical for cells undergoing apoptosis or is not stained anymore by DAPI (Figs. 8A -C) . These cells seem to disintegrate and finally disappear (Figs. 7J-M). Since in later cuticle stage embryos no HyEMB-1 expressing cells can be observed, we reasoned that these cells may be removed by apoptosis. To identify apoptotic cells in these developmental stages, we subjected Hydra embryos to the TUNEL assay. As shown in Figs. 8E and F, coincident with the appearance of pycnotic nuclei in HyEMB-1 expressing cells is the appearance of TUNEL positive cells, suggesting that HyEMB-1 cells, together with other cells, at later developmental stages might be eliminated by apoptosis.
Discussion
Identification of embryo specific genes in an ''embryonic model system'' Due to continuously active signaling and patterning processes, the adult Hydra polyp is generally regarded as ''embryonic model system'' (Gierer, 1974; Bode and Bode, 1984) . In polyps, patterning processes are used for maintenance of positional information along the body axis and for formation of buds. In embryos, on the other side, developmental processes are those associated with the establishment of polarity along the future body axis, the definition of the two germ layers, and the determination of the three cell lineages. In many bilaterian organisms, it was demonstrated that there are processes specific for embryonic development. These processes require specific genetic machinery, both regulatory and structural, and this machinery is in parts different from the one used to maintain patterns in adults. For example, in Drosophila maternal bicoid mRNA is only used for patterning the anterior -posterior axis of the fly and is not expressed anymore until it is time to make a new egg (Berleth et al., 1988) . Similarly, hunchback mRNA is present throughout the embryo, used to pattern the anterior end of the embryo, and is not expressed in adult fly before it starts with oogenesis (The FlyBase Consortium, 2003) . Murine homeodomain-containing NK-class transcription factor ENK is expressed in the inner cellular mass of the blastocyst, and its expression disappears at day 9.5 post-fertilization . The zygotic gene serendipity a is a cytoskeleton component involved in cellularization of the Drosophila embryo and expressed in embryonic cell division cycles 12 to 14. By the end of cycle 14, the gene is downregulated (for review see Mazumdar and Mazumdar, 2002) .
We addressed the question how similar or different is the genetic context of early embryonic development of H. vulgaris (AEP), compared to its adult genetic context. The SSH approach lead to the identification of two classes of genes, those expressed stronger in embryos in comparison to asexual budding adults and those, which were predominantly or exclusively expressed during embryogenesis. The differences in the strength of expression of genes and the presence of genes, which are only expressed during oogenesis and embryogenesis (Figs. 2B and C) , indicate that adult and embryonic patterning processes occur in different genetic contexts. This, together with our earlier findings (Frö bius et al., 2003) of temporal differences in expression of conserved regulatory genes in embryos and adults, suggests that the machinery governing adult patterning does not simply mimic mechanisms, which are active during early embryogenesis.
Hydra embryos use not only conserved but also ''novel'' genes with no known homologues in other organisms
As shown in Fig. 1 , our analysis leads to identification of clusters and singletons with homology to genes in other metazoans (65%) as well as to clusters and singletons with no significant BLAST match (35%). Based on the lack of known homologues, the latter group of clusters and singletons represents potential novel genes. About 20% of the clusters not only belong to these putative novel genes, but -since they have no corresponding ESTs from asexual polyps -might also represent genes expressed specifically in Hydra embryos. There are at least three reasons why SSH clones may not generate a significant BLAST hit: (1) The conserved part of the gene sequence got lost due to the experimental procedure for subtractive hybridization, which includes an enzymatic digestion step of the tester cDNA and might have resulted in two or more non-overlapping clusters from a single original cDNA. (2) The cDNAs represent noncoding RNAs used for not yet identified regulatory functions (Sado et al., 2001; Volpe et al., 2001 ). In our screen, of 42 clusters and singletons which did not give a good BLAST match, 9 did not have a reasonable open reading frame. They may either represent 3V-or 5V-untranslated regions of novel or highly derived genes or such non-coding RNAs. (3) The cDNAs represent true novel genes with no homologues in the database. HyEMB-1 (Fig. 7) is an example for such a gene. It is strongly expressed in the interstitial cell derivatives accumulating in the developing ovary, and later in the early embryos. Interestingly, engulfed endocytes do not contain the HyEMB-1 transcript. The question of how the transcript, expressed originally both in endocyte and oocyte precursors, gets restricted only to the ooplasm requires further studies. One explanation could be that the sorting event happens during the uptake of the parts of cytoplasm of the future endocytes by the growing oocyte, prior to final engulfment of the endocytes (Aizenshtadt, 1978; Honegger et al., 1989; Alexandrova et al., 2005) . The deduced amino acid sequence of HyEMB-1 indicates the presence of a signal peptide and multiple FG-GAP consensus sequences, which are an integral component of a-integrin domains, required for ligand binding in the extracellular matrix. Whether the presence of these domains suggests a function of HyEMB-1 in the embryonic extracellular matrix awaits further analysis.
Genome projects have revealed that about one-third of the predicted proteins of each organism can be grouped neither with the proteins of that organism nor of other organisms (Rubin et al., 2000) . We have proposed elsewhere (Bosch and Khalturin, 2002 ) that such novel, taxon-specific genes in combination with the rewiring of the genetic networks of conserved regulatory genes may accomplish the specification of Cnidarian morphologies. In Hydra, previous work has identified a number of novel genes playing important roles in patterning in adult hydra. Among them are the peptide-encoding genes Heady (Lohmann and Bosch, 2000) and pedibin (Grens et al., 1999) , which both play a role in the positional information system in hydra, and a head-specific gene ks1 (Weinziger et al., 1994; Endl et al., 1999) , which is functionally involved in head development .
Our observations indicate that (i) searching for conserved genes and comparative data alone might be insufficient to fully understand the molecular control of embryogenesis in Hydra; and (ii) identifying Hydra-specific aspects of cell differentiation and patterning requires both comparative data on related species and unbiased screening strategies.
Embryos, EED, and the origin of interstitial stem cells
One of the genes expressed strongly during both early embryogenesis and in adult polyps is HyEED. While in early embryos it is ubiquitously expressed, at later stages of embryogenesis, HyEED expression becomes restricted to a subset of cells in the endoderm and ectoderm of the embryos, which morphologically resemble interstitial cells. In adult polyps, HyEED is expressed in all interstitial cells, nematoblasts, and in spermatogonia. Differentiated interstitial cell derivatives, such as nematocytes, gland cells, or neurons, do not express HyEED. The identification of HyEED in the current screen is interesting for at least three reasons. First, interstitial cells in Hydra are multipotent and differentiate into a number of somatic cells as well as germ cells . So far, very few markers are available to study these processes at the molecular level. HyEED potentially represents a new marker for proliferating interstitial cells, which may allow to examine the factors involved in interstitial cell specific transcription. Second, HyEED may shed light on the embryonic origin of interstitial cells in Cnidaria and help to clarify a long and controversial debate. Workers investigating the embryogenesis of marine hydroids at the histological level first observed interstitial cells in the ectodermal layer of Tubularia mesembryanthemum (Brauer, 1891) and Clava squamata (Harm, 1903) . More recently, and supporting these findings, Martin et al. (1997) examined H. vulgaris embryos for cells positive for monoclonal antibody CP8, which is directed against an uncharacterized epitope on Hydra interstitial cells, and discovered positive cells first in the ectoderm of embryos. An alternative view supported by histological and electron microscopy data, however, held that interstitial cells in Hydrozoa are of endodermal origin. Evidence in support of this hypothesis comes from both athecate hydroids such as Tubularia, Hydractinia, Clava, Coryne, and others (Fennhof, 1980; Van de Vyver, 1980) , and thecate hydroids of the genus Obelia (Polteva and Aizenshtadt, 1980) . In these marine hydroids, interstitial cells arise as a result of asymmetric division of the endodermal blastomeres and migrate into the ectoderm. Our observation of HyEED-expressing cells in the endoderm of H. vulgaris embryos (Fig. 3) supports the endodermal hypothesis of interstitial cells origination. Third, in bilaterian animals, EED acts as a potent chromatin remodulator (Cao et al., 2002; Plath et al., 2003; Okamoto et al., 2004; Kirmizis et al., 2004 ) and specific repressor of Hox genes (Reinitz and Levine, 1990; Qian et al., 1993; Simon, 1995) . It is also involved in X-chromosome silencing (Ng et al., 2000; Wang et al., 2002; Plath et al., 2003) , and early phases of cell fate specification and differentiation (Kleer et al., 2003; Varambally et al., 2002) . Since in Hydra HyEED is expressed in embryonic and adult interstitial cells, nematoblasts, and sperm precursor cells, one intriguing possibility is that histone H3 methylation in interstitial cells is involved in cell fate specification in embryos and adult polyps. When examining whether HyEED expression correlated with the presence of PRC2-specific histone methylation, we observed this type of chromatin modification in the interstitial cells and several types of their derivatives (Fig. 6) . However, not all interstitial cells were antibody-positive, but a 50% subpopulation of them. This might reflect the fact that this methylation is based not on the activity of HyEED itself, but on the methyltransferase activity of its putative main counterpart-the HyEZH2 protein, and HyEZH2 is very faintly expressed in the interstitial cells of the body column (data not shown), in contrast to HyEED. The absence of H3K27 methylation in the distal parts of the testes (Fig. 5) correlates with the lack of transcript of both HyEED and HyEZH2 in these cells and might be due to the change in extent of chromatin condensation and/or possible exchange of somatic histones with sperm-specific histones or protamines at the final stages of sperm differentiation.
HyEED is the earliest embryonic marker of the interstitial cell precursors known to-date, and it is likely to be involved in the regulation of the chromatin state in the interstitial stem cells and during early stages of their differentiation into nematocytes and spermatozoa. Many questions, however, remain to be resolved. For example, what are the signaling events, which control restriction of HyEED expression to a subset of putative interstitial cells in Hydra embryos, and why is it later repressed in the interstitial cells following their decision to differentiate? What is the nature of the HyEED target genes in the interstitial cells and how does chromatin modulation influences interstitial cell decision making? Answers may help to elucidate the mechanisms controlling cell fate specification and differentiation at the beginning of animal evolution.
